Abstract -In this paper, an improved modular multilevel converter (MMC) control strategy based on one-cycle control (OCC) is proposed. With the introduction of OCC, the stability, rapidity and disturbance rejection of MMC is greatly improved. Based on the volt-second equilibrium, the control is distributed to every single submodule (SM). For further stability, an unbalanced OCC strategy is designed based on feed-forward control for negative sequence voltage with no need for measuring the positive and negative current sequence, considering single phase to ground fault and the second harmonic ripples of the DC voltage. As the switch frequency of every SM is different, the virtual loop mapping is used in this paper to balance the capacitor voltage with less hardware dependence. And a new simplified structure is also proposed with RS flip-flop abandoned. At last, simulation and experiment results prove the validity of the control theory.
Introduction
Modular multilevel converter (MMC) is a new kind of converter which can be used in medium-and high-voltage applications, especially in high voltage direct current (HVDC) [1] [2] . MMC has the great features compared with the traditional converters, e.g. lower total harmonic distortion, high availability and modularity, lower switch voltage and so on [3] [4] . The single submodule (SM) of MMC can be controlled and extended easily with simple structure [5] . However, the cost and the control complexity increase linearly with the extension of SMs.
Control strategy for MMC has become the research hotspot. It contains the modulation of inverter, the capacitor voltage balance, operation control strategy and the circulating current suppression etc. In [6] , space vector PWM can be commonly used to control MMC with appropriate resultant sequence. The calculation and space vectors become extremely complex with the increase number of SM. The phase-shifted carrier PWM (PSC-PWM) is applied in MMC in [7] and the number of carrier wave is same with the SMs in one arm. The switching angles of every electrical level step are obtained based on area equivalent principle in [8] , and the output voltage is modulated. Multilevel harmonic elimination technology is introduced to MMC in order to suppress harmonics and decrease the switching frequency in [9] . Reference [10] maintains the balance of capacitor voltage by switching SMs in specific order of voltage. The calculation and measurement units increases with extension. Reference [11] gives detailed analysis on the combination of PWM and the capacitor voltage balance. The capacitor voltage is introduced as the control signals to modulation wave in [12] and the sequencing process of voltage can be cancelled. However, measurement units of every single SM cannot be abandoned. Reference [13] proposes a method to maintain the capacitor voltage with lower switch frequency. Overall, the control strategy has relationships with the extension of SMs and the structure of MMC. The accuracy, rapidity and stability is affected by the redundant structure and complex control.
Besides the condition of normal operation, fault ridethrough capability is also very important which affects the safety and the stability of the grid and MMC. The unbalanced situation and the single-phase ground fault often occur in the progress of actual operation of power grid. There are second harmonics in the voltage of DC side and distortion in the grid-connected current [14] .
There are already many researches on the unbalanced control. The first study on dynamic system under unbalanced condition is in [15] with a back-to-back MMC structure. Reference [16] introduces a dedicated DC voltage ripple suppressing controller based on the instantaneous power. Reference [17] uses proportional resonant (PR) controller to keep the current tracking floating. Reference [18] proposes a SR controller to suppress the second harmonics in the DC side. But the PR controller is relatively complex to design. Reference [19] proposes an unbalanced control based on OCC with current controlled parameter to amend the control. But there is singular point in the parameter when positive and negative sequence is the same and the control accuracy is affected.
One cycle control (OCC) is proposed by Keyue M. Smedley and Slobodan Cuk [20] . It is a new kind nonlinear control method which control the time-varying voltage and current instantaneously. The dynamic response speed is fast and the input signal disturbance is restrained. The dynamic response speed is fast and the input signal disturbance is restrained. OCC tracks the reference waveform accurately and eliminates the integral error in one cycle with strong robustness. In [21] , OCC is better than PWM control in reducing undesirable harmonics and tracing dynamic waveforms with application in power amplifier of multilevel converter. OCC is extended to control the threephase active power filter with similarity and solid stability in [22] . Reference [23] proposes OCC for double-input buck converter to simplify the control. The two control of loops are independent of each other.
In this paper, one-cycle control (OCC) is applied in the control of MMC. OCC is composed of resetting integrator and some simple linear logic devices which can simplify the control strategy of MMC with only one PI controller needed. By volt-second equilibrium, the basic control is distributed to every single SM. The relationship between the virtual switching function of the whole model and the switch function of single SM is established. The basic idea is to make the switch variables of every SM equal to the control signal by changing the duty cycle of the switch. As the control to every single part only contains some simple logic devices, the control strategy is greatly simplified. The response speed, accuracy and the disturbance of MMC is improved because the control signal of SM is generated in each clock cycle which can be set according to the specific operating conditions. For further stability and single phase to ground fault-tolerance capability, the improved control strategy is introduced in this paper. By feed-forward control for negative sequence voltage, MMC works on the condition of constant power. With no need for measuring the positive and negative current sequence, the whole control is simplified and the rapidity is increased. As the switch frequencies of SMs based on control strategy above is different, the voltage of capacitor is definitely unbalanced. In order to solve the problem, the virtual loop mapping is introduced in the paper. By specific map relationship, the voltage is balanced with no need to measure the SM and further calculation. The conventional OCC structure is also optimized and the RS flip-flop is abandoned. And the whole scheme of the control only need one PI controller with the improved structure. Fig. 1 shows the topology of three-phase MMC and the structure of submodule (SM). The MMC works in the case as an inverter. The SM contains a flying-capacitor and the IGBT half-bridge. The output of the SM is changed between U C and 0, control by the switch state of the IGBT S1 and S2. The output of one SM can also be expressed as
The Mathematical Model of MMC
In (1) 
In (2), x=a, b, c, which mean the three phases. i pj and i nj are the current in the upper and lower arm. i x is output current of one leg. The model of MMC is similar to the two-level VSC. Many control strategies for VSC, e.g., the inner current control loop and the outer active power control loop, can be applied in the control of MMC.
MMC Control Strategy Based on OCC

Overall mathematical model
The average output voltage of MMC can be set as (3), 
If the inductance between MMC and the grid is small enough, the voltage drop over it can be ignored. So the voltage U xO of nodes A B C in the AC side relative to neutral point O satisfies the following relationship.
In (4), U NO is the voltage difference between the O and the negative DC side. The zero sequence current can be ignored as three-phase three-wire system is adopted. (4) can be further derived as
By substituting (5) and (2) to (4), the DC and the grid voltage have the relationship as [25] 
The matrix rank in (6) is 2, so the solution can be as
In (7), k 1 can be any number within the appropriate range, which is not changed by the instantaneous value of the grid voltage. In this paper, k 1 is set to 0.5.
As the MMC work in the condition of unity power factor, the current and voltage of the grid side follow the relationship as
In (8), R e is the equivalent power resistors [26] . With the introduction of k 2 and k 3 , (8) can be changed as 
The parameter k 3 is used to restrict the grid current. And k 2 is used to control the power [26] . With introduction of resistance R s to sample the current, the further derivation of (9) is as 3 2
Substitute (7) to (10), then
In (11), k is used to restrict the grid current, which is similar to k 3 . D x , the virtual switching function, is related to the integration time constant of the integrator in the one cycle control system. V m is the controlling voltage of error with the reference in DC side in one cycle control. Similar to k 2 , it can control the power of MMC. PI controller can be used to hold the voltage in the DC side, and the control equation is as
K vP and K vI are the proportional and the integral control factor of the PI controller of the DC side. V dc * is the reference voltage of the DC side. V dc is the actual value of the DC voltage. Fig. 2 shows the logic diagram of the overall control based on OCC under normal condition. According to (13) , V m is the output of the PI controller after the difference between V dc and the reference. In one cycle, V m is integrated and multiplied by the coefficient m, which is on the basis of (11), and then the result is compared with the parameters. At last, the comparative result enters the RS flip-flop with the clock signal and the output is the control signals. Q is also used to reset the integrator.
SM Mathematical Model
The overall mathematical model is established as (11), In order to analysis the model of MMC more conveniently, it is assumed that there are totally 8 SMs in one leg. In this case, the output state of MMC can be divided into 4 regions according to the state of SMs (on, off and PWM state), shown in Table 1 .
In Table 1 , 1'~8' are the SM of the MMC. 1'~4' are the SMs in the upper arm and 5'~8'are the SMs in the lower arm. "1" means the switch is on and the SM is cut-in. "0" meads the switch is off and the SM is cut-off. PWM means the switch of the SM keeps changing between on and off, and the PWM signal varies from "1" to "0", which is corresponds to the duty cycle. The signal of the upper arm is contrary to the lower arm. U C is the voltage of the flyingcapacitor in a single SM. In every region, the output can be derived as (14) according to (1) and the volt-second equilibrium. 
In (14), d X (x=1, 2, 3, 4) is switch function of the SM which is in the PWM state. Comparing with (1), the overall equivalent switch function can be changed as 
In (17), t x is the turn-on time of SM, And T S is the switching cycle which is relevant to the integration time constant of the integrator in the one cycle control system. The control strategy is based on one phase, and the other two phases can be derived in a similar way. The integration variable of one SM keeps comparing with the reference of the one cycle control system in one clock cycle, if the variable is smaller and the switch keeps on.
Single-Phase to Ground Fault-Tolerance Capability
The control strategy above is based on the condition of normal operation. When the grid break down, e.g., singlephase grounding, the system stability and operation are affected. There is negative-sequence current in the AC side when accident happens, and the protection of the system operation unwanted. The negative-sequence voltage and current in the AC side also cause the power fluctuation during the transmission. The fluctuation lead to the voltage ripples in the DC side. By DC network, the ripples transmit to the other parts of the whole system and cause the instability and insecurity of the whole system.
In order to suppress the ripples, an advanced control strategy based on the theory above is introduced as below. The zero-sequence voltage of the grid has no effect on the voltage in the DC side as the a three-phase three-wire system is adopted, so emphasis is laid on the other components. The grid voltage can be resolved into 
When the grid voltage is unbalanced, the active power need to keep constant in order to suppress the ripples. The positive sequence and negative sequence of the grid voltage and current have to follow the relationship as [27] --
In (19) , φ + (t) and φ -(t) are the phases of the positive sequence and negative sequence voltage. θ + (t) and θ -(t) are the phases of the positive sequence and negative sequence current.
When MMC works on the condition of unit power factor, the phases of the positive sequence current have to be the same with the positive sequence voltage. And 
Considering (19) , the phases of the negative sequence 
According to the OCC control strategy proposed earlier in this paper, with the introduction of resistance R s to sample the current and constant k 3 , k 2 , (25) can be transferred as
Substitute (15) to (26) , the control of every single SM is as 
V m ' is used to control the voltage error of DC side, which is similar to V m . Only one PI regulator need be applied to stabilize voltage.
When the grid is unbalanced, there are positive and negative sequence voltage at the same time. The voltage of the DC side cannot be held by the control strategy (16) , and there are distortion in the AC current. (27) adds the feed forward compensation component of the negative sequence voltage based on (16) and the MMC achieve the single phase to ground fault-tolerance capability.
Capacitor Voltage Balance
By using the control in the section above, the output is divided into several regions, and the switch frequency of each SM is different, which definitely cause the flyingcapacitor voltage unbalanced. In order to keep the unbalance voltage within certain range, the Virtual Loop Mapping (VLM) is introduced in the paper.
The main idea of VLM is that the PWM control signals of SMs is set as the virtual modules and the virtual ones map to the real ones in certain ways to keep the switch frequency approximately equal in every loop [28] . For example, there are 8 SMs in one leg and the mapping is also divided into 4 states. Each state continues for one switch clock cycle. The mapping relationship is as Fig. 3 . 
The Improved Scheme of the Control System
The traditional method to generate PWM signals in OCC is as Fig. 4 [29] . The controlled variables are processed by an integrator, and then compare with the reference. The result is processed through the RS flip-flop under the clock frequency and the PWM signals are generated at last. The signal Q is also used to reset the integrator. There is no problem in the theory and the simulation prove the correctness of the control method. However, in the experiment the control signals are interfered and the stability of the control strategy is affected. There are also narrow pulse signals affecting the reset of the integrator. It is because of the high switch frequency and the frequent status switching of the RS flip-flop.
The control strategy has to follow the practical experiment fact. In this paper, the RS flip-flop is abandoned and a simplify strategy is introduced, shown as Fig. 5 .
The clock signal is used to reset the integrator every clock cycle. The controlled variables integrate in a whole clock period and reset to 0 before the next cycle. Compare the result with the reference and output is the PWM control signal. The improved circuit structure replaces the PR flipflop with the not gate. The output PWM signal become more stable and the effect of the narrow pulse on the reset signals is eliminated. Besides that, in the traditional structure, every single SM need one individual PI controller as the integrator reset signal is different by the PWM signals.
With the improved structure, only one PI controller is need in the over control scheme and the control is greatly simplified.
To sum up, the control strategy of the whole article is as follows. Fig. 6 shows the control for each SM. n is number of SMs in the arm. And j=0, 1, 2,…n. V m ' is the output of the PI controller, used to control the voltage error of DC side. And V m ' is integrated in one cycle according to the clock signal. In the beginning of one cycle, the integrator is reset to 0. The output of the integrator is calculated with the parameters on the basis of (25) . The result compares with the reference. By the virtual loop mapping, the control signal is distributed to every single submodule.
Simulation and Experiment Result
To verify the feasibility and validity of OCC control strategy used in MMC, a system model as Fig.1 is established in Matlab/Simulink. Each arm has four SMs (N=4). The grid-connected transformer wiring is set as Yn/Δ with the ration of 380/50. The simulation parameters are shown in Table 2 In the simulation, it is assumed that single phase to ground fault happened at the time of 0.8s and the advanced control method is added in the system at the time of 1.3s. In the PI controller, proportional coefficient is set to 0.1, and integral coefficient is set to 50. The clock frequency is set to 2000Hz. The system parameter k is concerned with ratio of the AC voltage sensor and the gain of the conditioning circuit. k is set to 0.5 and R s is the equivalent current sampling resistance which is set to 0.5Ω. So k 3 has to be set to 1. The simulation results are as below. Fig. 7(a) shows the grid-connected current of three phase when the grid operates under normal condition. In Fig. 7(b) , the basic control strategy based OCC works well and the DC voltage holds 150V. In Fig. 7(c) , one single phase to ground fault happens and there is current distortion. Fig.  7(d) shows the DC side voltage at the same time. The peakto-peak value of the second harmonics in the DC side voltage is up to 3V which accounts for 2% of the reference. Fig. 7(e) shows the grid-connected current when the advanced control method is added. In Fig. 7(f) , the peakto-peak value of the second harmonics in the DC side voltage is suppressed to 1.5V which accounts for 1% of the reference. Fig. 8(a) is the PWM signal of the one SM of phase A in the upper arm. The signal is distributed relatively evenly over time. Fig. 8(b) is the capacitor voltage of the SM. With the introduction of the virtual loop mapping, the capacitor voltage is restricted to certain range.
The experiment is based on the platform of dSPACE DS1103 and the parameters are the same with simulation. Fig.9 shows the experimental set up in the laboratory. As the circuit is a DC/AC converter essentially, the initial voltage of submodules in MMC is established by increase the voltage in the DC side smoothly with the grid off. The precharging process continues until the SM voltage meet the rated value.
In Fig. 10(a) , the MMC operates on the normal condition and the grid is in the three-phase balance. Channel 1 is the voltage in the DC side and it holds 150V. And the gridconnected current and the grid voltage are also shown in Fig. 10(a) . Fig. 10(b) shows the output voltage of MMC. Fig.11 . shows the power and power factor of phase. Fig. 12. shows the current harmonics of phase A under normal operation. When single phase to ground fault happens, (phase C is grounded in the experiment), the grid-connected current is shown in Fig. 14(a) . The current in phase C is smaller than the current in phase A and B. When the proposed function works, the grid-connected current is changed, shown as Fig.  14(b) . The current in phase C is larger than the current in other two phase, in order to keep the active power unchanged.
As the ripples account for less percentage in the DC voltage, the difference values between the reference value 150V and the actual value is shown in Fig.15 . U dc1 ' is the difference value before the proposed function works, which 
Conclusion
In this paper, OCC is applied in the control of MMC according to the volt-second equilibrium. An improved structure is introduced based on the basic strategy when single phase to ground fault happens. The virtual loop mapping is also introduced in the paper. The conclusion of the whole paper is as (1) MMC control strategy based on OCC has the obvious advantages of simple structure, stability and rapid response. (2) When single phase to ground fault happens, the ripples in the DC side is suppressed by the improved control strategy based on the condition of constant power. In the simulation and the experiment, the ripples decrease from 2% to 1% with no need for measuring the positive and negative current sequence. (3) The capacitor voltage of SM is balanced with the introduction of the virtual loop mapping. With no need to measure SM, the voltage is held to 37V in the simulation and experiment. (4) An improved OCC control structure is proposed in the paper. With no effect to the control signals, the structure is simplified.
